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FDQGLGDWHV IRU DSSOLFDWLRQV WKDW LQFOXGH GLUHFWHG
HQHUJ\ VRXUFHV GHFR\V DQG QRLVH JHQHUDWRUV IRU
MDPPLQJZKHUHSDUWLFXODUO\LQDLUERUQHDSSOLFDWLRQV
ZKHUH VL]H DQG ZHLJKW UHGXFWLRQV DUH LPSRUWDQW
7KH SRZHU KDQGOLQJ FDSDELOLWLHV RI YDFXXP
PLFURZDYH VRXUFHV HVSHFLDOO\ IDOOV EHFDXVH RI WKH
PLQLDWXUL]HG 5) VWUXFWXUHV LQ WKH PLOOLPHWHU DQG
VXEPLOOLPHWHU ZDYH UHJLRQV 7RRYHUFRPH WKLV
SUREOHP WKH SRVVLELOLW\ RI XVLQJ D SODVPDILOOHG
LQWHUDFWLRQ VWUXFWXUH LQ ZKLFK HOHFWURQV FDQ
SURSDJDWHIDUHQRXJKIURPWKHPHWDOOLFZDOOVLVYHU\
DWWUDFWLYH7KHDYDLODEOHOLWHUDWXUHUHYHDOVWKDWWKH
SUHVHQFH RI D FRQWUROOHG DPRXQW RI LRQL]HG JDV
SODVPD LQVLGH WKH PLFURZDYH GHYLFHV FDQ
VLJQLILFDQWO\ LPSURYH WKHLU FKDUDFWHULVWLFV EH\RQG
ZKDWLVFXUUHQWO\DYDLODEOHLQHYDFXDWHGGHYLFHV
7KHUH DUH EDVLFDOO\ WZR EURDG FODVVLILFDWLRQV RI
SODVPDILOOHGPLFURZDYHWXEHVEDVHGUHVSHFWLYHO\RQ
GLIIHUHQWLDOSUHVVXUHEDVHGSODVPDFDWKRGHHOHFWURQ
JXQV DQG SVHXGRVSDUN 36 EDVHG HOHFWURQ JXQV
HDFK RI ZKLFK KDYH WKHLU RZQ DGYDQWDJHV DQG
OLPLWDWLRQV7KHDGYDQWDJHRIWKHIRUPHUHOHFWURQ
JXQ LV WKH SRVVLELOLW\ RI JHQHUDWLQJ ORQJ SXOVH
HQHUJHWLF HOHFWURQ EHDPV XVLQJ DQ DFWLYH SXPSLQJ
V\VWHP IRU HYDFXDWLQJ JDV IURP WKH DFFHOHUDWRU




IRU WKRVH DSSOLFDWLRQV ZKHUH FRPSDFW ORZ ZHLJKW
V\VWHPVDUH UHTXLUHG7KHVKRUWHUSXOVHVRI WKH36
EDVHGJXQVRXUFHFDQEHPLWLJDWHGE\RSHUDWLQJDW
KLJKHU SXOVH UHSHWLWLRQ IUHTXHQF\ 35) RI PRUH
WKDQ  +] ZKLFK ZRXOG PDLQO\ GHSHQG RQ WKH
SXOVHGXUDWLRQ RI WKHJHQHUDWHG HOHFWURQ EHDPDQG
WKHUHFRYHU\WLPHRIWKHHOHFWURQJXQ7KH36EDVHG
SODVPD HOHFWURQ EHDP JHQHUDWLRQ KDV VHYHUDO
DGYDQWDJHV ZKHQ LW LV XVHG DV WKH HOHFWURQ EHDP
VRXUFH LQSODVPDDVVLVWHG PLFURZDYH WXEHV7KH
36EDVHGHOHFWURQEHDPGRHVQRWUHTXLUHDQ\DSSOLHG
PDJQHWLFILHOGGXHWRWKHSUHVHQFHRISODVPDLQVLGH
WKH VORZ ZDYH VWUXFWXUH 6:6 GXULQJ LWV





ZHOO DV WKH HQHUJ\ RI WKH 36 EDVHG HOHFWURQ EHDP
VKRXOGEHKLJKHQRXJKZKLFKFULWLFDOO\GHSHQGVRQ
WKHJHRPHWULFDOSDUDPHWHUV,QUHFHQWVWXGLHVLWKDV
EHHQ VKRZQ WKDW ZLWK D VLQJOHJDS VWUXFWXUHRI 36
EDVHGKROORZ FDWKRGHGLVFKDUJH WKH HQHUJ\ RI WKH
JHQHUDWHGHOHFWURQEHDPLVORZHUIRUPXOWLDSHUWXUH
DV ZHOO DV VLQJOH DSHUWXUH RSHUDWLRQ
1HYHUWKHOHVV IRU WKH PXOWLJDS VWUXFWXUH RI D 36
EDVHGKROORZ FDWKRGHGLVFKDUJH WKH HQHUJ\ RI WKH
JHQHUDWHG HOHFWURQ EHDP LV KLJKHU EXW ZLWK ORZ
FXUUHQWGHQVLW\DQGDOVRORZILOOIDFWRU6RIDUWKHUH
H[LVWVQR36EDVHGHOHFWURQEHDPVRXUFHWKDWPHHWV
WKH LPSRUWDQW UHTXLUHPHQWV RI VLPXOWDQHRXV
JHQHUDWLRQRIDQHOHFWURQEHDPZLWKKLJKHUHQHUJ\
KLJK FXUUHQW GHQVLW\ DV ZHOO DV KLJK ILOO IDFWRU WR
PLWLJDWHWKHLVVXH
,QWKLVOHWWHUZHSUHVHQWWKHUHVXOWVRIDGHVLJQHGDQG
GHYHORSHG WDSHUHG PXOWLJDS PXOWLDSHUWXUH
70*0$ 36 EDVHG HOHFWURQ EHDP VRXUFH WR
JHQHUDWH;EDQGPLFURZDYH UDGLDWLRQ7KLV VRXUFH
KDV D FDVFDGHG WDSHUHGJDS UHJLRQ EHWZHHQ WKH
KROORZFDWKRGHDQGWKHDQRGHGLVFDQGDOVR








HOHFWURQ EHDP VRXUFH D 6:6 DQG FRQLFDO KRUQ
DQWHQQD DUH VKRZQ LQ )LJV D DQG )LJ E
UHVSHFWLYHO\ ,Q WKLV 70*0$ 36 EDVHG HOHFWURQ
EHDPVRXUFH WKH FDVFDGHG VWUXFWXUHVRI  IORDWLQJ




LQ )LJ D 7KH KROORZ FDWKRGH KDV D  PP
GLDPHWHU DSHUWXUH ZKHUHDV WKH DQRGH GLVF KDV 
HTXLVSDFHGDSHUWXUHVRIPPGLDPHWHUHDFKSODFHG
ZLWKLQ WKHPPGLDPHWHUSHULSKHU\ LQ WKHDQRGH
GLVFVHHLQVHUWLPDJHLQ)LJE7KHDSHUWXUHVRI
GLDPHWHUPPDUHUDGLDOO\GLVWULEXWHGZLWKVSDFLQJ
RI  PP EHWZHHQ WKHP RQ WKUHH SLWFK FLUFOH
GLDPHWHUV 3&'VDSDUW IURPFHQWUDODSHUWXUH7KH
VSDFLQJEHWZHHQHDFKLQGLYLGXDODSHUWXUHKDVEHHQ
NHSW DV  PP VR WKDW WKHUH ZLOO EH D XQLIRUP
FXPXODWLYHHIIHFW7KHVWUHQJWKRIWKHHOHFWULFILHOG
LQVLGH WKHEDFNVSDFHRI WKH KROORZFDWKRGH UHJLRQ
YDULHVZLWKWKHGLVWDQFHEHWZHHQWKHDQRGHDSHUWXUH










$FFRUGLQJO\ WKH 6:6 KDV EHHQ WDNHQ DV D ULSSOHG
ZDOOF\OLQGULFDOZDYHJXLGHKDYLQJDQLQWHUQDOUDGLDO
SURILOHJLYHQE\5] 5KFRVN]ZKHUH5 
PPLV WKHPHDQUDGLXVK PPLV WKHULSSOH
KHLJKW] PPLVWKHFRUUXJDWLRQSHULRGLFLW\N
 SL]LVWKHZDYHQXPEHUDQG] PPLVWKH
D[LDO GLVWDQFH ,Q RUGHU WR ODXQFK WKH JHQHUDWHG
PLFURZDYHRXWSXWDFRQLFDOKRUQDQWHQQDKDVEHHQ




EHHQ IODUHG WR D ODUJHU RSHQLQJ 7KH GHVLJQ
SDUDPHWHUV KDYH EHHQ RSWLPL]HG IRU PD[LPXP
GLVVLSDWLRQRIWKHVSHQWEHDPHOHFWURQVDQGPLQLPDO
LPSDFWRI WKHVSHQWEHDPHOHFWURQVRQ WKH3HUVSH[
ZLQGRZ E\ PHDVXULQJ WKH SHUFHQWDJH RI FROOLVLRQ
FRXQWV,WKDVEHHQHVWLPDWHGWKDWIRUDNH9EHDP
HQHUJ\ DQG D PD[LPXP  $ EHDP FXUUHQW
RQO\a  RI WKH HOHFWURQV PD\ LPSDFW RQ WKH
3HUVSH[ZLQGRZZKHUHDVaRIWKHVSHQWEHDP
HOHFWURQV DUH GLVVLSDWHG 7KH RSWLPL]HG GHVLJQ
SDUDPHWHUVDUH UDGLXVRI IHHGPP OHQJWKRI









 $ $FP NH9 DQG KROORZ FDWKRGH
SKDVH ,, $  $FP NH9  7KH HQHUJ\
VSUHDG REVHUYHG GXULQJ WKH ILUVW KROORZ FDWKRGH
SKDVHLVNH9ZKLOHGXULQJWKHVHFRQGKROORZ




EHDP UHSHO WKH SODVPD HOHFWURQV WR IRUP WKH LRQ
FKDQQHO ZKLFK HOLPLQDWHV WKH UHTXLUHPHQW IRU DQ
DSSOLHG PDJQHWLF ILHOG 7KH SURSDJDWHG HOHFWURQ
EHDP LQWHUDFWV ZLWK WKH VORZ ZDYH VWUXFWXUH DQG
OHDGVWRWKHJHQHUDWLRQRIWKHPLFURZDYHVLJQDO7KH















D )DVW )RXULHU 7UDQVIRUP ))7 DQG LW UDQJHV
EHWZHHQ  *+] GXULQJ WKH PXOWLSOH KROORZ
FDWKRGHSKDVHJHQHUDWLRQRIWKHHOHFWURQEHDPVHH
)LJ7KHPHDVXUHGSHDNSRZHURIWKHJHQHUDWHG




7KH IUHTXHQF\ RI WKH JHQHUDWHG VLJQDO LV DOVR
LQIOXHQFHG E\ WKH EHDP SODVPD IUHTXHQF\ 7KLV
IUHTXHQF\ VKLIW KDV EHHQ REWDLQHG XVLQJ WKH EHDP
SODVPD IUHTXHQF\ ZKLFK LV GHGXFHG IURP WKH
H[SHULPHQWDO GDWD XVLQJ WKH UHODWLRQVKLS HEEH PQH   JHZ   ZKHUH J LV WKH UHODWLYLVWLF
IDFWRU ?  LH FORVH WR  IRU D  N9 DSSOLHG
YROWDJHDQGQELVWKHHOHFWURQEHDPQXPEHUGHQVLW\
&RQVLGHULQJ WKH EHDP SODVPD IUHTXHQF\ DQG
'RSSOHU VKLIW WHUP WKH EHDP GLVSHUVLRQ UHODWLRQ
EHFRPHV
EH]]YN ZZ r 
ZKLFKOHDGVDVKLIWLQWKHIUHTXHQF\LQWKHUDQJH
*+]WR*+]DQGLVFOHDUO\VKRZQLQ)LJ7KH
DGGLWLRQ RI SODVPD IUHTXHQF\ KDV LQFUHDVHG WKH
EDQGZLGWK RI WKH GHYHORSHG SODVPD DVVLVWHG VORZ
ZDYH RVFLOODWRU 7KLV ZLGH YDULDWLRQ RI WKH EHDP
SODVPD IUHTXHQF\KDVPDGH WKLVGHYLFHXQLTXH IRU
WKH GHYHORSHG 36 EDVHG 70*0$ HOHFWURQ EHDP
VRXUFHGXHWRLWVVXFFHVVLYHKROORZFDWKRGHSKDVHV
IROORZHGE\WKHFRQGXFWLYHSKDVH
 ),*  9, FKDUDFWHULVWLFV RI SVHXGRVSDUN EDVHG
WDSHUHG PXOWLJDS PXOWLDSHUWXUH HOHFWURQ EHDP
VRXUFHDWaN9DSSOLHGJDSYROWDJHDQG3DDUJRQ
JDVSUHVVXUH
),*  5HDO WLPH ZDYHIRUP RI WKH JHQHUDWHG
PLFURZDYHVLJQDOIURP;EDQGVORZZDYHRVFLOODWRU

 ),*  ))7 RI JHQHUDWHG PLFURZDYH VLJQDO GHGXFHG
IURP)LJ
),*  %HDP SODVPD IUHTXHQF\ GXULQJ PXOWLSOH
KROORZFDWKRGHSKDVHV
7RXQGHUVWDQGWKLVXQLTXHIHDWXUHVLPXODWLRQVKDYH
DOVR EHHQ SHUIRUPHG XVLQJ WKH SODVPD GLVFKDUJH
PRGXOHRIWKH&2062/DFRGH6LPXODWLRQVDUH
FDUULHGRXWRQVLPLODUJHRPHWU\WRWKH70*0$36
EDVHG HOHFWURQ EHDP VRXUFH IRU VLPLODU RSHUDWLQJ
FRQGLWLRQVLHDWDQDUJRQJDVSUHVVXUHRI3DDQG
DQ DSSOLHGSRWHQWLDO RI N97KHFURVVVHFWLRQDO
YLHZRIWKH70*0$36EDVHGHOHFWURQEHDPVRXUFH
JHRPHWU\ DQG DQRGH SRWHQWLDO SURILOH LV VKRZQ LQ
)LJ  DG ,QLWLDOO\ DW W    QV WKH DQRGH




HTXLSRWHQWLDO SURILOH LV FRQILQHG LQ WKH WDSHUHG
UHJLRQDQGPRYHVVORZO\WRZDUGWKHKROORZFDWKRGH
UHJLRQ DV VKRZQ LQ )LJ  D 7KH DSSOLHG JDS
YROWDJHGURSV DOPRVWFRPSOHWHO\ LQD WKLQ OD\HURI
SODVPD VKHDWK DGMDFHQW WR WKH FDWKRGH VXUIDFH DV
WLPHSURJUHVVHVDQGLVVKRZQLQ)LJEDQGF




HFF HQ8G  H 
ZKHUH F8 LV WKH YROWDJH GURS DFURVV WKH SODVPD
VKHDWK ,Q WKH KROORZ FDWKRGH SKDVH WKH SODVPD
VWDUWVEHKDYLQJOLNHWKHDQRGHZLWKLQDIHZKXQGUHGV
RIPLFURQV IURP WKH LQQHU VXUIDFHRI WKHFDWKRGH
DQGLWDGDSWVWRWKHFDWKRGHPRUSKRORJ\DVVKRZQLQ
)LJ  F $V WKH WLPH SURJUHVVHV LW OHDGV WR WKH
IRUPDWLRQRIDYLUWXDODQRGHLQFORVHSUR[LPLW\WKDW
KDVWKHVDPHVKDSHDVWKHFDWKRGHDQGDQH[WUHPHO\
KLJK HOHFWULF ILHOG LV WKHUHIRUH KRPRJHQHRXVO\
GLVWULEXWHGRYHUD ODUJHDUHDVHH)LJGZKHUH






WKH UROH RI WKH LQGLYLGXDO DSHUWXUHV RQ WKH ILHOG
GLVWULEXWLRQDQGEHDPJHQHUDWLRQGXULQJWKHPXOWLSOH
KROORZ FDWKRGH SKDVHV   ,Q WKH VLPXODWLRQV WKH
DSHUWXUHVRIGLDPHWHUPPDUH UDGLDOO\ GLVWULEXWHG
ZLWK D VSDFLQJ RI  PP EHWZHHQ WKHP RQ WKUHH
3&'VHQFLUFOLQJWKHFHQWUDODSHUWXUHH[DFWO\VLPLODU
WRWKHGHYHORSHGVRXUFH7KHVLPXODWLRQDQDO\VLVKDV
EHHQ SHUIRUPHG IRU WKH HOHFWULFDO SRWHQWLDO SURILOH
ZKHQWKHDSHUWXUHVRQLQGLYLGXDO3&'
VDUHDFWLYH
DV ZHOO DV ZKHQ DOO WKH DSHUWXUHV RQ DOO 3&'V
LQFOXGLQJWKHFHQWUDODSHUWXUHDUHDFWLYH7KHUHVXOWV
DUH VKRZQ LQ )LJ  ZKHUH WKH VWUHQJWK RI WKH
SRVLWLYH ILHOG LQVLGH WKH EDFNVSDFH RI WKH KROORZ
FDWKRGHUHJLRQLVYDU\LQJDQGLWVKRZVGHSHQGHQF\
RQ WKH GLVWDQFH EHWZHHQ WKH DQRGH DSHUWXUH DQG
KROORZFDWKRGHDSHUWXUH LQ WKH WDSHUHGJDSUHJLRQ
7KLVIXUWKHUVKRZVILHOGYDULDWLRQDWWKHVDPHWLPHDW
GLIIHUHQW3&'V ,W OHDGV WRQRQFRQFXUUHQW LJQLWLRQ
RIWKHGLVFKDUJHWKURXJKDOOWKHFKDQQHOVDQGHQDEOHV
JHQHUDWLRQRIWKHHOHFWURQEHDPLQPXOWLSOHVWDJHVRI




,Q IDFW WKH GLVWDQFHV RI GLIIHUHQW FKDQQHOV RQ WKH
DQRGH GLVF IURP WKH VLQJOH DSHUWXUH RI WKH KROORZ
FDWKRGH DUH YDULDEOH ZKLFK OHDGV WR D GHOD\ LQ
HOHFWULFSRWHQWLDOSHQHWUDWLRQ7KLVSOD\VDPDMRUUROH
LQ HQHUJHWLF HOHFWURQ EHDP JHQHUDWLRQ IURP WKH
DQRGHLQWKHPXOWLSOHKROORZFDWKRGHSKDVHVEHIRUH
JRLQJLQWRWKHFRQGXFWLRQSKDVH
 D 7 QV E 7 QV
 F7 QV G7 QV
),*$QRGHSRWHQWLDOSURILOHVXVLQJVLPXODWLRQDWGLIIHUHQWLQVWDQWVRIWLPH





 ),*  (OHFWULF SRWHQWLDO SHQHWUDWLRQ LQVLGH WKH
EDFNVSDFHUHJLRQRIWKHKROORZFDWKRGHDWW QVIRU







EHDP LH GXULQJ WKH KROORZ FDWKRGH SKDVH KDYH
EHHQ JHQHUDWHG IRU WKH ILUVW WLPH E\ XVLQJ D QRYHO
WDSHUHGPXOWLJDSPXOWLDSHUWXUH36EDVHGHOHFWURQ
EHDP VRXUFH 7KH JHQHUDWLRQ RI PXOWLSOH KROORZ
FDWKRGH SKDVHV LV PDLQO\ GXH WR WKH VXFFHVVLYH
EUHDNGRZQ LQ WKH WDSHUHG JDS UHJLRQDQG WKHQRQ
FRQFXUUHQW LJQLWLRQ RI WKH HOHFWURQ EHDP E\ HDFK
FKDQQHO RQ WKH DQRGH VXUIDFH LQWR WKH LQWHUDFWLRQ
UHJLRQ 7KH GHYHORSHG HOHFWURQ VRXUFH HQDEOHV
VLPXOWDQHRXV JHQHUDWLRQ RI KLJK FXUUHQW GHQVLW\
KLJKHQHUJ\DQGKLJK ILOO IDFWRUHOHFWURQEHDPV$
JRRG FRUUHODWLRQ KDV EHHQ REWDLQHG EHWZHHQ
H[SHULPHQWDODQGQXPHULFDOVLPXODWLRQUHVXOWV7KH
REVHUYHG GHYLDWLRQ EHWZHHQ WKH QXPHULFDO
VLPXODWLRQ DQG WKH PHDVXUHG EHDP FXUUHQW SURILOH
GXULQJ KROORZ FDWKRGH SKDVH , KROORZ FDWKRGH
SKDVH,,DQGWKHFRQGXFWLRQSKDVHLVDQG
 UHVSHFWLYHO\ 7KLV HOHFWURQ EHDP VRXUFH KDV
EHHQ XVHG IRU JHQHUDWLQJ PLFURZDYH VLJQDOV ZLWK
SHDNSRZHUN:LQWKHIUHTXHQF\UDQJHRI






- 5RGJHUV 7 0 $QWRQVHQ -U DQG 9 /
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